Background: Sensitivity differences to chemical pollutants in different phytoplankton species may potentially shape the community structure of phytoplankton. However, detailed information supporting the understanding of sensitivity variations between phytoplankton species is still limited.
Background
Microalgae play a crucial role as primary producers in the aquatic food web and it is expected that any damage produced by environmental stressors (e.g., chemical pollutants) will likely affect higher trophic levels [1] . The phytoplankton community in a freshwater ecosystem is diverse and often includes cyanobacteria and green microalgae as major components [2] . The sensitivity of different phytoplankton species towards chemical pollutants is highly variable [3] [4] [5] . At a community level, chemical pollutants might exert selective pressure on phytoplankton community structure. Thus, understanding the physiological basis of sensitivity variation of different species provides the knowledge to explain the adverse outcome pathways of these chemical pressures at the ecological level.
Meanwhile, ecotoxicological assessment of chemical pollutants on phytoplankton has generally been focused on the growth inhibition as a common endpoint, because this is ecologically relevant [4, 6, 7] . However, several sub-cellular physiological and biochemical processes showed faster or stronger effects than apical growth inhibition in unicellular algae-based assays when exposed to toxicants [8] . For instance, Prado et al. reported that after only 24 h of exposure to 0.05 µM paraquat, significant DNA damage was observed in Chlamydomonas moewusii Gerloff, while the growth rate was not affected [9] . Parameters associated with oxidative stress, DNA damage, and cell apoptosis (the mitochondrial membrane potential parameter) have also been shown to be highly sensitive endpoints in unicellular algae exposed to different concentrations of prooxidant pollutants [10, 11] . Moreover, in comparison with single endpoint-based assays (i.e., growth inhibition of phytoplankton), multiple endpoint assays can offer a more comprehensive understanding of the risk presented by toxicants by providing important insights into their modes of action [8] . Chakraborty et al. have evaluated the toxicity of malathion on Anabaena sphaerica Bornet and Flahault using the multiple endpoint approach and found that toxicity resulted in oxidative stress within the cell [12] . However, A. sphaerica could ameliorate the toxicity through the production of superoxide dismutase (SOD), catalase (CAT), ascorbic acid peroxidase, and antioxidants including phenolics and flavonoids. In addition, multiple physiological endpoint experiments can improve our understanding of the mode of action of herbicides on different phytoplankton species [13] . Thus, in the present study, multiple cellular level endpoints were used to study the relative sensitivity of two different phytoplankton species to the photosynthesis inhibitor-paraquat (1, 1′-dimethyl-4, 4′-bipyridilium dichloride). Furthermore, xenobiotic chemicals affect algal cells as a result of toxicokinetic and toxicodynamic processes. Chemicals can enter algal cells, and reach equilibrium between internal and external concentrations within minutes, while damage cumulatively increases over a period of hours [14, 15] . In addition, the previous research showed that the toxicological effects of a chemical on phytoplankton differ in acute and chronic tests [16, 17] . Therefore, to gain a better and more comprehensive understanding of the mechanisms underlying the modes of action of toxicants, comparative acute and chronic response experiments should be carried out.
Paraquat-a nonselective herbicide widely used to prevent the growth of weeds and grasses-was selected as the photosynthesis inhibitor "model chemical" in this study. It has been known to exert its toxic effects by catalyzing the transfer of electrons from photosystem I (PS I) within the thylakoid membrane, to molecular oxygen by producing oxygen radicals that cause lipid peroxidation and membrane damage [18] . This results in the organelle's death [19, 20] . A previous study has shown growth sensitivity differences to paraquat exposure for cyanobacteria and green algae [21] . Nestler et al. concluded that the mode of action of paraquat was reflected in the differing responses of multiple endpoints in green alga [8] . However, research relating the mechanisms of sensitivity differences between cyanobacteria and green algae is not well explored. Microcystis is a cyanobacterium species which related to harmful algal blooms in worldwide freshwater ecosystems, and Chlorella is a representative chlorophyte microalga in the aquatic system. In our pre-screening test, we found that the Microcystis and Chlorella are the most sensitive species and the most tolerance species for paraquat, respectively (data were not shown). Thus, in the present study, we elucidated the mechanisms of sensitivity differences of these two representative species, one of which, Microcystis aeruginosa (Kützing) Kützing, is a prokaryote, and the other, Chlorella sp., is a eukaryote. Multiple endpoints were measured at different time scales following acute and chronic exposure. Acute effects were defined as occurring within 24 h (shorter than one cell division under the growth conditions used) [17] and assessed by measuring the response of photosynthetic processes. Chronic toxicity was measured after 96 h (longer than one reproduction cycle under the growth conditions used) [17] , using antioxidant enzyme biomarkers, indicators of oxidative stress, photosynthetic processes, and morphological characters as the endpoints.
Materials and methods

Test organisms and culture condition
Eight species and strains of Microcystis spp. and seven species and strains of Chlorella spp. were tested in preliminary microplate assays. Detailed information is presented in Additional file. All the strains were provided by the Freshwater Algae Culture Collection at the Institute of Hydrobiology, Chinese Academy of Sciences (FACHB-Collection; Wuhan, China). The results of preliminary experiments showed that paraquat was more toxic to Microcystis than to Chlorella. Based on preliminary results, axenic strains of M. aeruginosa FACHB-469 and Chlorella sp. FACHB-1512 were selected. Cells were cultivated in BG11 medium at 25 ± 1 °C, and illuminated at white cool fluorescent light lamps (35 µmol photons m −2 s −1 ), with a light/dark cycle of 12 h: 12 h. The cultures were manually shaken 3 or 4 times each day during incubation.
Experimental design
Three hundred millilitres of BG11 medium spiked with 0 (control), 0.001, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, and 1 mg L −1 paraquat for M. aeruginosa and 0.1, 0.2, 0.5, 1, 5, 10, and 30 mg L −1 for Chlorella sp. was added to 500 mL Erlenmeyer flasks (n = 3). Paraquat (99.7%) was obtained from Macklin (Shanghai, China) and a stock solution made by dissolving 2 g in 1 L of sterile deionized water. The stock solution was stored at 4 °C. Treatment concentrations were established from the preliminary toxicity tests described above which are shown in Additional file 1: Fig. S2 . Flasks were inoculated with log-phase cells to an initial cell density of 2.0 × 10 6 cells mL −1 and 1.2 × 10 6 cells mL −1 for M. aeruginosa and Chlorella sp., respectively. All the cultures were incubated for 96 h under the conditions as described above.
Measurement of the endpoints Endpoints for growth performance
The growth performance was quantified via a commonly used method [17] . After each 24 h interval, optical density (OD 680 ) was measured by in UV spectrophotometer (Shimadzu, Kyoto, Japan).
Endpoints for photosynthetic processes
To test the effect of acute exposure (5 min, 1 h, 3 h, 5 h, 9 h, and 24 h) on photosynthetic processes, polyphasic Chl a fluorescence transients were measured using a Handy-Plant Efficiency Analyzer (Handy-PEA, Hansatech, UK) with an actinic light of 3000 µmol photons m −2 s −1 . All samples were dark-adapted for 10 min before measurement. The fluorescence signals were recorded within a time period from 10 µs to 2 s, and fluorescence kinetics showed a polyphasic rise over time known as the O-J-I-P transients [22] . The initial fluorescence level O, corresponds to the minimal Chl a fluorescence yield with all PSII reaction centers open, while the J-I transient is caused by the gradual reduction of primary electron acceptors, Q A and Q B . The P level is the maximal fluorescence yield (F M ) when there is an accumulation of Q A-Q B 2− [22, 23] . To better analyze the Chl a fluorescence differences between the treatments for different concentrations and exposure times, a total of 10 parameters were evaluated during the JIP test, as shown in Table 1 , which shows the PSII energy fluxes [24, 25] . The data are presented as percentages of the corresponding control values, and their absolute value changes were plotted as a radar map. In addition, the maximum quantum yield for primary photochemistry (F v /F m ) and the maximum relative electron transport rate (rETR max ) were analyzed daily by a Water-PAM fluorescence monitoring system (Walz, Effeltrich, Germany). All samples were dark-adapted for 10 min before measurement. The minimum fluorescence Table 1 
JIP test parameters with explanations and formulae calculated using data extracted from the O-J-I-P fast fluorescence transient following the equations of Strasser and Strasser [24]
Parameter and formulae Description (F 0 ) and the maximum fluorescence (F m ) were measured under a low light intensity and a saturating light pulse, respectively. F v /F m can be derived from the equations
The EC 50 values based on F v /F m for different exposure time were calculated according to the method of Franz et al. [16] . The rapid light curve (RLC)indicating the electron transport responses to increasing irradiance-were then plotted, and rETR max was calculated according to the relative value of the plateau phase in RLC. During plotting RLC, 10 steps of actinic irradiance (0, 24, 124, 188, 276, 420, 625, 885, 1224, and 1427 µmol photons m −2 s −1 ) were included with a 20 s interval time between each adjacent step.
Endpoints for oxidative stress
For anti-oxidant relevant enzyme measurements, 40 mL cell suspensions of all treatments were centrifuged (4500×g, 4 °C) at the end of the bioassay (96 h) and washed twice with deionized water. The pellets were resuspended in 2 mL of 50 mM sodium phosphate buffer (PBS, pH 7.8). Cells were homogenized by the Continuous High-Pressure Cell Disrupter (with 0.2 mm zirconium beads) and then centrifuged (6000×g, 4 °C, for 10 min). The supernatant was used for biochemical analysis. Total soluble protein was measured using the BCA Protein Assay Kit (Beyotime, China). The concentration of malodialdehyde (MDA)-a lipid peroxidation index-was analyzed using the thiobarbituric acid-reacting substance method [26] . SOD activity was analyzed by monitoring the inhibition of the photochemical reduction of nitroblue tetrazolium (NBT) according to Dhindsa and Matowe [27] . CAT activity was determined according to Aebi [28] . The ROS level in cells was measured after 96 h exposure using the cell permeable indicator 2′, 7′-dichlorodihydrofluorescein diacetate (DCFH-DA) (Sigma, St. Louis, Missouri, USA), according to the method described by Cheng et al. [29] . A final concentration of 10 µM DCFH-DA was added to the samples which were incubated at 25 °C in the dark for 1 h. Fluorescence was measured using a flow cytometer (FACS Verse BD Biosciences, Franklin Lakes, New Jersey, USA) with excitation and emission wavelengths of 488 nm and 525 nm, respectively. Data are expressed as a percentage of the respective control values and are presented as mean ± SE of the mean.
Endpoints for cell-membrane integrity
Cell-membrane integrity was assessed by SYTOX ™ Green Ready Flow ™ Reagent (Life Technologies, Carlsbad, California, USA) after 96 h of exposure to paraquat. As a cell-impermeant dye, SYTROX Green enters the cell after loss of membrane integrity and binds with DNA to produce a bright green fluorescent complex which can be used to distinguishing plasma membrane damaged cells from integrated membrane cells in flow cytometry assays [30] . Two drops of reagent were added to 1 mL of the sample containing 10 6 cells mL −1 and the sample was incubated for 15 min in the dark at room temperature. The fluorescence was analyzed by flow cytometry with excitation and emission wavelengths of 488 nm and 523 nm, respectively, and data were presented as the percentage of cells that were stained with SYTOX ™ green.
Endpoints for submicroscopic structure
At the end of the assays, the morphological effects of paraquat were determined in cells exposed to 0.1 mg L −1 and 1 mg L −1 and compared to the controls. Cells were collected by centrifugation (2000×g for 5 min) and fixed overnight at 4 °C with 2.5% glutaraldehyde. The pellets were washed three times for 15 min with phosphate buffer solution (0.1 M, pH 7.0) and then post-fixed with 1% osmium tetroxide for 2.5 h. Samples were dehydrated through a series of ethanol washes (30, 50, 70, 80, 90 , and 100%, consecutively) for 10 min at each step and then transferred to absolute acetone for 20 min. Samples were then placed in a 2:1 mixture of absolute acetone: final resin for 1 h at room temperature then transferred to a 1:2 mixture of absolute acetone: final resin overnight, and finally into 100% final resin mixture for 1 h. Samples were then embedded in 100% EPON 812 resin (37 °C for 12 h) and heated at 60 °C for 48 h. Ultrathin sections (70 nm) were obtained with a Leica EM UC7 ultramicrotome contrasted with uranyl acetate and lead citrate and observed in a transmission electron microscope (Hitachi-7700, Hitachi, Tokyo, Japan) using an acceleration voltage of 80 kV.
Data analysis and statistics
All data are presented as mean ± standard error (SE). Flow cytometric analysis data were analyzed using FlowJo software (Tree Star Software, San Carlos, California, USA). One-way analysis of variance (ANOVA), followed by least-significant difference (LSD) (for homogeneity of variance), or Dunnett's two-sided comparison test (for heterogeneity of variance) was applied to determine statistical differences between the different endpoints for different paraquat treatments and the control for each species. Independent sample t tests were performed to compare the M. aeruginosa and Chlorella sp. responses following exposure at the same paraquat concentration. Differences were considered to be significant at p < 0.05 unless otherwise stated.
Results
Distinct growth patterns of M. aeruginosa and Chlorella sp. following exposure to paraquat Figure 1 shows dose-and time-dependent patterns of microalgal growth under paraquat exposure for both M. aeruginosa and Chlorella sp. Compared to the control, the growth of M. aeruginosa was significantly inhibited at concentrations of 0.2, 0.5, and 1 mg L −1 (p < 0.01, Fig. 1a ). For Chlorella sp., growth inhibition was observed at concentrations of 5, 10, and 30 mg L −1 (p < 0.01, Fig. 1b ), with inhibition rates of 39.85, 60.19, and 79.58%, respectively. Besides, the growth of M. aeruginosa was lower at 0.5 and 1 mg L −1 during the acute exposure stage (24 h, Fig. 1a ), while for Chlorella sp., the declining growth curve was observed at 30 mg L −1 until 72 h (Fig. 1b) .
Acute responses after exposed to paraquat
The fluorescence kinetics of M. aeruginosa and Chlorella sp. exposed to paraquat for 24 h are shown in Fig. 2 . The fluorescence yield is presented as the concentrationdependent response of each species over 24 h. A concentration-dependent increase in the fluorescence yield was found in M. aeruginosa exposed to paraquat at concentrations higher than 0.1 mg L −1 (Fig. 2a ). Conversely, a concentration-dependent decrease in the fluorescence yield was observed in Chlorella sp. at concentrations higher than 0.5 mg −1 with the lowest yield found in cultures exposed to 30 mg L −1 (Fig. 2b) . When the fluorescence kinetics were plotted as the relative variable fluorescence to better reveal the changes in the transients ( Fig. 2a, b, inserts) , an increase in the J transient was found for M. aeruginosa at concentrations greater than 0.2 mg L −1 (Fig. 2a, inserts) .
Chla fluorescence for each species changed in a concentration and time-dependent manner within 24 h ( Fig. 3) . Increases in V j , ABS/RC, DI o /RC, and TR 0 /RC and decreases in ET 0 /RC, RC/CS o , ψ 0 , φ Eo, and φ P0 were observed for both strains. Figure 3c shows significant changes in chlorophyll fluorescence after 3 h for M. aeruginosa at 1 mg L −1 (p < 0.05) and for Chlorella sp. after 9 h exposure at 30 mg L −1 (Fig. 3k ). In addition, the PI abs index (Performance index based on absorption of light energy) decreased in a concentration-dependent manner after only 5 min for both M. aeruginosa (> 0.001 mg L −1 ) and Chlorella sp. (> 5 mg L −1 ). Similarly, a significant decrease in rETR max was observed at concentrations of 0.2 mg L −1 and higher for M. aeruginosa, and for Chlorella sp. at concentrations of 10 mg L −1 (p < 0.05) and higher (Fig. 4) .
The EC 50 based on F v /F m values decreased significantly with exposure time (Fig. 5 ). After 5 h cumulative exposure, the EC 50 for M. aeruginosa was 0.54 mg L −1 , while for Chlorella sp., it was higher at 44.76 ± 3.13 mg L −1 after 24 h.
Chronic responses after exposed to paraquat
To better explain the paraquat sensitivity variation between these two species, biochemical parameters were measured after 96 h of chronic exposure. Figure 6a shows that F v /F m and rETR max were lower for M. aeruginosa when the exposure concentration was 0.2 mg L −1 or higher, but for Chlorella sp., Figure 6b shows that rETR max was only lower when the exposure concentration exceeded 5 mg L −1 . Tables 2 and 3 show that the enzymatic activities of CAT and SOD for each strain were significantly differently between treatments (p < 0.01). Significantly higher CAT and SOD activities were measured in M. aeruginosa when exposure concentrations exceeded 0.1 mg L −1 and for Chlorella sp. when they exceeded 1 mg L −1 . Significantly elevated MDA content (p < 0.05) was only observed in Chlorella sp. at a paraquat concentration of 1 mg L −1 ( Table 3) .
The relative results (control = 100%) for ROS and SYTRO green are presented in Fig. 7 . For M. aeruginosa, significantly enhanced production of ROS occurred in cells, where exposure concentration was 0.2 mg L −1 or higher and the percentage of membrane damaged cells was around 20 times higher than the control at exposure concentrations greater than 0.2 mg L −1 after 96 h (p < 0.05). Conversely, for Chlorella sp., elevated ROS and membrane-damaged cells only occurred at exposure concentrations of 5 mg L −1 or higher and only around double that of the control.
The ultrastructure of both species exposed to two concentrations of paraquat for 96 h was compared using transmission electron microscopy (TEM) (Figs. 8, 9) . For M. aeruginosa, the thylakoids and cytoplasm were shown to be distorted, and the cell walls damaged and detached from the cytoplasmic membrane in the 0.1 mg L −1 treatment (Fig. 8d-f ) , while in the 1.0 mg L −1 treatment, thylakoid membrane stacks, cytoplasmic vacuolation, and cytoclasis were evident ( Fig. 8g-i) . For Chlorella sp., the ultrastructures of cells were similar to the control treatment ( Fig. 9a -c) for both 0.1 and 1.0 mg L −1 treatments, except that several outermost layers of the multi-layered cell walls appeared disrupted, and a disarrangement of organelles within cells was observed at in the 1.0 mg L −1 treatment ( Fig. 9d-i ).
Discussion
This study investigated the sensitivity differences to paraquat of two phytoplankton species M. aeruginosa and Chlorella sp. using time-dependent multi-endpoint assays. In general, M. aeruginosa was found to be tenfold more sensitive than Chlorella sp. to both chronic and acute exposures. These include photosynthetic processes, antioxidant response, oxidative stress, sub-microstructure changes, and growth inhibition.
Photosynthesis is a key physiological process for phototrophic organisms and is very sensitive to pollutants through the effects that some pollutants have on the electron transport chain [31, 32] . Chl a fluorescence is a rapid and non-invasive method for monitoring cellular stress and is commonly used to assess and quantify phytotoxicity in phytoplankton [32] [33] [34] [35] . In the present study, Table 1 (See figure on next page.) Bai et al. Environ Sci Eur (2019) 31:83 the fluorescence yield is presented as the acute concentration-dependent response of M. aeruginosa and Chlorella sp. (Fig. 2) and shows that paraquat affected PSII photochemistry of both species [36] . Hess previously showed that the phytotoxic action of paraquat is based on interference with photosynthetic electron transport in PSI [18] . PSII is connected to PSI via the cytochrome b6/f complex [37] , so if electron transfer from PSI is inhibited, PSII photochemistry would also be affected. In addition, the previous research has shown that paraquat caused up-regulation of the central component of PSII (D1 protein) in Chlamydomonas reinhardtii P.A.Dangeard [38] .
The O-J-I-P fluorescence kinetics shows an increase at the J transient for both species after 24 h exposure to paraquat (Fig. 2, Insert) . This indicates that paraquat appears to block electron transfer from Q A to Q B in both species. The similarity of the Chl a fluorescence response to paraquat in both species showed that the mode of action in PSII was similar. The absorption flux per reaction center (ABS/RC), which in a measure of PSII antennae size, was increased and may indicate an inactivation of PSII reaction centers by paraquat [25, 34, 39] . A concomitant decrease of ET 0 /RC indicated that the re-oxidation of Q A through electron transport was reduced. Both species showed a decrease in ψ 0 (the probability that an electron residing on Q A enters the electron transport chain) and an increase in the J transient (V j ), thus confirming that electron transport was blocked between Q A and Q B (Fig. 3e, j) . Similar results were found for other herbicides, including atrazine, diuron, and hexazinnone 33, 40, 41] . Furthermore, as shown in Fig. 3a , f, the PI abs index decreased in a concentration-dependent manner after only 5 min of exposure to paraquat for both species, indicating that PI abs is a sensitive indicator of early response to paraquat exposure.
Although the mode of action of paraquat towards each of the two species was similar, the toxicokinetic and toxicodynamic processes were different. In the present study, acute responses (i.e., within 24 h) such as the effect on chlorophyll fluorescence in cyanobacterial cells occurred within 3 h of exposure (p < 0.05; Fig. 3c ). Higher acute susceptibility in PI abs , φ Eo, and ψ 0 was found for M. aeruginosa with effects becoming evident within hours of exposure, but not for Chlorella sp. until after 24 h for the same concentrations (1.0 mg −1 ). In addition, the EC 50 based on F v /F m for M. aeruginosa was lower than for Chlorella sp. and was obtained after only 5 h exposure (Fig. 5 ). Unlike Chlorella sp., a decrease of rETR max was observed in M. aeruginosa after 24 h following exposure to paraquat at concentrations of 0.2 mg L −1 and higher Fig. 4 ). This shows that the electron transport chain of M. aeruginosa was adversely affected by paraquat at relatively low concentrations, and photosynthetic responses to paraquat stress were significantly different between M. aeruginosa and Chlorella sp. As a result, growth inhibition of M. aeruginosa in this study occurred during the acute exposure stage (Fig. 1) . Collectively, photosynthetic parameters can be used as sensitive cellular endpoints to study the early effects of paraquat on algae [8] . Our results provide supplementary evidence for differences in paraquat sensitivity between M. aeruginosa and Chlorella sp. in acute response.
The results of chronic response also showed sensitivity difference between the two species. One of the reported toxicity mechanisms for paraquat is its effect on cyclic reduction-oxidation reactions, through which reactive oxygen species (ROS) are induced in unicellular alga [42, 43] . SOD, peroxidase (POD), and CAT activities increased in response to paraquat exposure to remove excessive ROS [44] [45] [46] . Similarly, in the present study, significant increases in CAT and SOD activities were observed in M. aeruginosa after 96 h exposure to paraquat concentrations greater than 0.1 mg L −1 compared to the control (Table 2) , whereas for Chlorella sp., a similar sensitivity was only found at paraquat concentrations of 1 mg L −1 or higher (Table 3 ). Nevertheless, the results of intracellular ROS levels and MDA content showed that the cells were still oxidatively damaged. An increase of intracellular ROS levels ( Fig. 7) and MDA content (Tables 2, 3) was observed in M. aeruginosa at the 0.2, 0.5, and 1.0 mg L −1 treatments and in Chlorella sp. at 5, 10, and 30 mg L −1 treatments, respectively. The number of membrane damaged cells also increased significantly in M. aeruginosa at concentrations greater than 0.2 mg L −1 and in Chlorella sp. at concentrations greater than 5 mg L −1 (Fig. 7) . This indicates that the cellular antioxidant defense mechanisms might not be capable of adequately protecting the cells following exposure to higher paraquat concentrations [8, 10] . Overproduction of ROS could trigger oxidative damage to proteins, nucleic acids, and lipids, and lead to the disruption of cellular structures, resulting in morphological changes and cell death [47, 48] . It could also explain the significantly higher growth inhibition at these concentrations, as shown in Fig. 1 .
Interestingly, there were also several differences in the anti-oxidative responses of these two species. First, as shown in Tables 2 and 3 , the response of the antioxidant systems was significantly different (p < 0.01). At exposure levels which caused significant growth inhibition for M. aeruginosa (> 0.2 mg L −1 ) and Chlorella sp. (> 5 mg L −1 ), the mean increase in CAT and SOD activity for M. aeruginosa cells was 11.25 and 7.14 times that of the control, whereas there was only 2.22 and 2.01 fold change in Chlorella sp. It has been reported that CAT and SOD vary among algal species when exposed under the same conditions to the same toxicant. For example, Martinez-Ruiz and Martinez-Jeronimo showed that 2, 4-dichlorophenoxyacetic acid (2, 4-D) induced a decrease of SOD activity, but did not affect the CAT activity in M. aeruginosa, while it produced significant differences compared to the control for Ankistrodesmus falcatus Corda Ralfs [49] . Second, compared to Chlorella sp., much higher increases in intracellular ROS levels and the percentage of membrane damaged cell were found for M. aeruginosa under the same treatment concentrations (i.e., 0.2, 0.5, and 1 mg L −1 , Fig. 7 ). Third, TEM images confirmed the results of oxidative damage from paraquat exposure at the ultra-structural level in both species. At the same exposure concentrations, the morphological changes between the two species were also different. Therefore, paraquat can induce oxidative damage to both species but at different concentrations which depends on their sensitivity.
The similarity of the Chl a fluorescence response to paraquat in M. aeruginosa and Chlorella sp. indicated that the mode of action for paraquat in PSII was similar, that is, paraquat appears to block electron transfer from Q A to Q B in both species. However, the acute and chronic responses at the sub-cellular level showed that paraquat was more toxic to M. aeruginosa than to Chlorella sp. [21, 50] . Martinez-Ruiz and Martinez-Jeronimo suggested that differences in sensitivity could be related to species-specific responses [49] . There are at least four explanations for the species-specific responses to paraquat exposure observed in this study. First, the cell wall and cell membrane provide a self-protection barrier against xenobiotic chemicals, and this is different between the two species of phytoplankton. The cell envelope of M. aeruginosa (a prokaryote) is comprised of a cytoplasmic membrane, and a peptidoglycan layer composed of two sugar derivatives, N-acetylglucosamine and N-acetylmuramic acid, and several different amino 8, 9) [52] . A highly chemical resistant cell wall found in coccoid green algae including Chlorella sp. contains the biopolymer algaenan [53] [54] [55] and this may also contribute to a higher paraquat tolerance by Chlorella sp. compared to M. aeruginosa. Second, compared to cyanobacteria (where photosynthesis occurs in the cytoplasm), paraquat needs to pass through an additional double-membrane chloroplast envelope before it arrives at the thylakoid membranes in Chlorella cells [34] . Third, paraquat resistance of plant cells is determined by paraquat uptake and efflux, sequestration, and catabolism, and through detoxification of the reactive oxygen species Significant increased endpoints, significantly decreased endpoints, and no significant changed endpoints are presented in red, green, and dark blue, respectively generated by paraquat [56] . Paraquat enters plant cells via a transport system that inherently functions as a transporter of polyamines which are structurally similar to paraquat [57, 58] . Incharoensakdi et al. proposed that the polyamine transport system in Synechocystis sp. PCC 6803 (which is a very rapid and energy-dependent process) is driven by a proton gradient and a membrane potential [59] . However, it is not universal, because studies on the green algae C. reinhardtii show that it does not contain short-living, high-affinity polyamine transporters [60] . Fourth, in comparison with eukaryotes, prokaryotes may have less elaborate enzymatic antioxidant pathways [34] . This may explain some of the sensitivity differences between cyanobacteria and green algae [61] . Esteves et al. showed that for atrazine, the sensitive strain decreased oxidative stress by increasing the activity of antioxidant enzymes such as SOD, but the tolerant strain invested in conjugation pathways and carotenoid maintenance [62] .
Our results also showed that differences in response of the antioxidant system in the two species may explain differences in the extent of membrane and other ultrastructure damage. Therefore, differences between prokaryote and eukaryote physiology at the cellular level could contribute to the difference in toxicity, while the differences in inhibition efficiency might be largely dependent on the test species and incubation period. Y.
Conclusion
In this study, we found that paraquat affects population growth and photosynthetic processes, as well as inducing oxidative stress and anti-oxidative responses in two different types of phytoplankton, as shown in Fig. 10 (1 mg L −1 paraquat treatment as sample). For M. aeruginosa, Chl a fluorescence was affected after 3 h of exposure to paraquat. After a 96 h chronic exposure, significant increases in ROS levels, lipid peroxidation, growth inhibition, and the percentage of dead cells as well as comprehensive collapse of the cell structure occurred in M. aeruginosa. For Chlorella sp., only minimal effect on Chl a fluorescence was found following an acute exposure period (24 h), and after 96 h of chronic exposure to low concentrations of paraquat (< 1 mg L −1 ), relative low levels of ROS and growth inhibition were observed. These results show that multiple endpoints measured for both acute and chronic exposures provide more comprehensive information about the sensitivity differences of M. aeruginosa and Chlorella sp. The difference in cell structure of the two species plays a pivotal role in their response to paraquat, suggesting that physiology differences between prokaryotes and eukaryotes need to be considered when the toxic effect of chemical pollutants is studied. This study provides a "departure point" to investigate the composition of phytoplankton communities under a potential selective pressure from an herbicide such as paraquat in a natural ecosystem.
